celebrated Scottish football team-the Glasgow Rangers. After schooling at the Glasgow Academy, where he distinguished himself in rugby football and shooting (the school being second out of eighty others at Bisley), Douglas followed in his father's footsteps and became a medical student at Glasgow University. There he still found time from his studies to continue playing rugby-sufficiently well to be nominated to play left wing in the Glasgow University team against the famous New Zealand ' All Blacks'.
In 1946 Douglas qualified as a medical practitioner with the degree MB, ChB. Having it in mind to specialize in surgery, he took four surgical internships-one each in ophthalmology, emergency, orthopaedics and general surgery. Then, to study for the Royal College of Surgery examinations, he accepted a demonstratorship in physiology at the University of Aberdeen; this was, he said, a poorly paid post but one that allowed him much free time to prepare for the above-mentioned examinations. In the event, Douglas was waylaid by a senior colleague in the department who had an infectious passion for physiological experiment, Dr Hans Kosterlitz (F.R.S. 1978). The latter was a refugee from Hitler's Germany who was critically involved, many years later, in the discovery of the brain's own morphine, the peptide he named enkephalin. Kosterlitz persuaded Douglas to use his surgical skills to study the effects of electrical stimulation of the barosensory nerve fibres of the cat's sinus and aortic nerves and to examine the influence thereon of general anaesthetics-a task designed to appeal to Douglas's nascent interest in neurosurgery. In fact, Douglas became so fascinated by physiology that he left surgery, never to return.
In 1950 Douglas became a member of staff at the National Institute for Medical Research in London, where he stayed until 1956. It was while he was in London that he met Jeannine Dumoulin, a young French girl from Burgundy, who after a stay in Sweden came to London in the Autumn of 1952 to work as a teacher in the Lycée Français. She lived with other unmarried young lady teachers in a big house opposite the Lycée called Le Couvent which had been, during the war, the headquarters of General de Gaulle. The Linguist Club and the French Institute were, of course, both favourite places to visit for the Lycée teachers, as well as for young bachelors who wanted to learn French! It was there, in 1954, that Jeannine met a splendidly kilted Bill Douglas, who was also memorable for the cream Austin convertible that he owned at the time-very flashy, Jeannine remembers, with red leather inside. By the end of that year they were married, on Guy Fawkes' Day. Bill and Jeannine lived in London until they went to the USA. They sailed for New York from Le Havre on 30 April 1956 . Douglas was much admired and loved by his many colleagues, for the warmth of his friendship and the ebullience of his sense of humour. However, there was a slight problemone that was encountered by everyone who worked with him. This arose because he had a much clearer view of precisely what a word meant than many of us do; and he always insisted that the right word be used in the right place. Consequently, writing a manuscript with Douglas could be trying. No matter how well the manuscript might have been written originally, including those written by Douglas himself, he would look at it and say, 'This is no good, we can't say it that way, we must change this or that'. So he would rewrite it and produce a different, equally beautiful manuscript, which he would then reject again and again. Those were the days before word processors, when everything had to be retyped, so that Douglas was not very popular with the secretaries. But we all came to accept that particular idiosyncrasy. Obviously I did, and did so very amicably, because Douglas's curriculum vitae for the 1950s lists twenty-seven joint publications between us. Some of his insistence on the right word for the right occasion fortunately rubbed off on his collaborators, for which we are all very grateful. Not unrelated to this constant search for the right words, Douglas was very possessive both of his own ideas and of the words he used to express them-at least until they were published. Understandably, perhaps, he was absolutely furious-perhaps too much sowhen he saw the text of a manuscript that he had submitted for publication appear word-forword elsewhere under the name of an associate editor! Douglas's principal attributes were well summarized by one who knew him well (and who was also the editor of a textbook to which Douglas contributed chapters). He wrote, 'Bill Douglas was a superb researcher, scholar, and teacher. He was both joyful and forceful, and he could be as stubborn as a mule. He was not someone with whom you wanted to lock horns. He was not someone who will be forgotten.' This expresses a sentiment held by whomever he was working with at any given time.
Douglas was never happier than when working at the laboratory bench. It was most unfortunate, therefore, that in 1993 he reached what was then the age of retirement, just before mandatory retirement in the USA was abolished altogether. At that time his intellectual energy was undiminished and he still had the scientific vigour, and strong desire, to continue his research. Indeed, retirement was forced upon him at one of the most scientifically productive periods of a highly productive life during an extremely happy collaboration with Izumi Shibuya, a professor from Sapporo, Japan. In the three years that Izumi spent at Yale, he and Douglas published a dozen papers together on the factors controlling the release of melanocyte-stimulating hormone (MSH) from pituitary melanotrophs. They formed a very close friendship that Douglas treasured greatly, perhaps because it was to be the last, and certainly one of the closest, of many friendships developed during the course of his professional collaborations.
Douglas was an ardent sailor. He spent much of his free time during the spring and summer months refurbishing his forty-foot ketch, which he sailed in Long Island Sound and occasionally in the Atlantic. He spent his free time in the winter months in the mountains and in the snow (figure 1). He was an avid and beautiful skier-often frighteningly so to watching friends. He was an excellent ski instructor, whether of my son, then a young two-year-old who rode on the tails of Douglas's skis, or of more senior colleagues. Recollecting a scientific meeting in Utah, Sir John Gray, F.R.S., writes, 'Bill was of course an expert if not to say fanatic skier, and I have many happy memories of his efforts, not entirely unsuccessful, to get me, a complete novice, down the slopes without any broken bones'. He was a wonderful raconteur, master of an endless supply of Scottish folk songs, and invariably the life and soul of any party.
Douglas was also a superb teacher, both of medical students and predoctoral PhD students. At either level he was able to make difficult concepts in pharmacology come alive. The postdoctoral fellows who came to work in his laboratory were impressed by the amount of time and effort that he put in as their mentor. One of them wrote, 'Bill extended his positive influence to many, if not most, of the individuals who were fortunate enough to have worked in his laboratory. The documented success in their respective careers is ample testimony to Bill's effort to develop in each of us the proper scientific attributes to maximize our chances of success.' Bill Douglas died on 2 July 1998, survived by his wife Jeannine, his two sons, Alan and Colin, his daughter-in-law, Maria, and his two grandchildren, Tristan and Jeremy. 
R
During the nearly five decades of his research career, Douglas worked at four institutions: Aberdeen University, the National Institute for Medical Research at Mill Hill, London, the Albert Einstein College of Medicine in New York, and finally at Yale University. A U, 1946-48 At Aberdeen, at the suggestion of Hans Kosterlitz, Douglas decided to examine the effects of different anaesthetics on vasomotor function, particularly on the role therein of the aortic and sinus nerves, commonly known as the buffer nerves. Diverse effects were indeed discerned; however, in addition a more basic physiological observation was made. It was known at that time that weak electrical stimulation of these nerves produces a fall in blood pressure, presumed to result from stimulating low-threshold barosensory fibres. It was also known that this depressor response is replaced by a pressor response when the stimulus intensity is increased. This was presumed to result from exciting the chemosensory fibres whose electrical threshold was higher. What Douglas discovered was that on increasing the stimulus even further this pressor response is converted again into a depressor response. He concluded the following: that the initial depressor response is due to the stimulation of largediameter barosensory fibres; that with stronger stimulation smaller-diameter chemosensory fibres are also stimulated, giving a pressor response that overrides the initial depressor response; and that with very strong stimuli a second depressor population of yet smaller fibres (possibly non-myelinated C fibres) is excited and is responsible for the final depressor response.
These experiments led to his first published full paper (1)* in 1950 with Kosterlitz and Innes. It included the then novel conclusion that the smallest nerve fibres, perhaps nonmyelinated (or C) fibres, participate in signalling blood pressure. This idea was quite discordant with the prevailing views of the established experts at the time (for example, those of the eminent Swedes Liljestrand and Zotterman), who emphasized the importance of fibres of low threshold excitability that were presumed to be large myelinated axons. Indeed, as his later work showed, Douglas was quite right in the role that he assigned to non-myelinated barosensory afferents. Histamine and substance P distribution in the gastro-intestinal tract His first paper from Mill Hill, with Feldberg, Paton and Schachter (2), traced the distribution of two of the most powerful smooth-muscle stimulants, namely histamine and substance P, along the gastro-intestinal tract. This paper showed that histamine is mostly in the muscularis mucosa rather than in the glandularus mucosa. Other smooth-muscle-stimulating substances were also found in the wall of the digestive tract (for example, enteramin, later shown to be 5-hydroxytryptamine, as well as choline and acetylcholine). The physiological function of these diverse substances could not be identified at that time, but finding them there in such large concentrations was the stimulus for much future work.
Alkyl phosphates At that time, the use of alkyl phosphates as insecticides was becoming popular. This led to a number of casualties, some fatal, but the cause of death was unclear. Certainly, the respiratory muscles became paralysed, partly owing to a transmission block in the periphery at the neuromuscular junction. However, the main problem turned out to be a failure of central respiratory drive. A paper by Douglas and Matthews (3) showed that the failure of the respiratory centre caused by the anticholinesterase tetraethylpyrophosphate could be reversed by atropine or hyoscine, and that this reversal was due to actions of these substances within the central nervous system. This was one of the earliest experimental demonstrations that acetylcholine has a role in the central nervous system that is independent of its peripheral actions at autonomic ganglia and neuromuscular junctions. Indeed, atropine permits survival after huge doses of anticholinesterases by controlling both central and peripheral parasympathomimetic effects, provided that the transient neuromuscular block is countered by artificial ventilation.
Hexamethonium and sensory receptors In 1951 Paton and E.J. Zaimis had just published their epoch-making paper (Paton & Zaimis 1951) on the methonium salts such as decamethonium and hexamethonium. This caught Douglas's interest because little was known at that time of the processes by which oxygen lack is signalled in the sinus nerve. It had been suggested in the literature that transmission along this afferent pathway was synaptic and akin to that occurring at ganglia on peripheral autonomic pathways. This suggestion rested largely on the finding that the carotid body can be stimulated by a group of substances known to excite autonomic ganglia, such as nicotine, lobeline and acetylcholine. In apparent agreement, Douglas (4) found that the response of the carotid body to these agents is greatly reduced or abolished by the ganglion-blocking drug hexamethonium. However, the responses to anoxia, to potassium chloride or to cyanide are totally unaffected. Douglas similarly showed, in experiments with Gray (5) , that the excitant action of acetylcholine and other substances on cutaneous sensory pathways is also prevented by hexamethonium and by tubocurarine. However, this block of acetylcholine-like substances is again totally without effect on the response to the normal sensory stimuli such as touching or warming the skin. The pharmacological responses are thus unrelated to the physiological responses, and so clearly cannot be taken as evidence for a role for peripheral ganglion cells in the chemosensory pathways, or as a role for acetylcholine in the physiological response of sensory nerve endings to different stimuli.
Depolarizing action of anticholinesterases Douglas and Matthews (3) had already shown that the acetylcholinesterase inhibitors block neuromuscular transmission by allowing the concentration of the undestroyed acetylcholine in the region of the neuromuscular junction to rise and depolarize the endplate. However, other investigators had concluded that cholinesterase inhibitors have a direct acetylcholinelike action. Douglas and Paton (6) argued strongly against this possibility. First, they pointed out that the latency of action of intravenously injected tetraethylpyrophosphate is much longer than that of acetylcholine-like drugs. Secondly, again unlike directly acting depolarizating substances such as acetylcholine, the anticholinesterases in general do not cause a twitch of the cat tibialis muscle when injected close arterially in an amount sufficient to be followed by complete and prolonged neuromuscular block.
Sensory functions of mammalian non-myelinated nerves The buffer nerves In 1956 Douglas decided to revisit his original field of research into one of the important factors controlling blood pressure, namely the electrical activity in both the barosensory (depressor) and chemosensory (pressor) buffer nerves (7) . On the generally accepted assumption that larger myelinated fibres have a lower threshold for electrical stimulation than do smaller myelinated fibres, these experiments yielded a curious finding, namely that stimulation of the lowest-threshold fibres of the aortic nerve produces only a small fall in blood pressure. This was unexpected because the prominent action potentials recorded during a barosensory discharge (in response to a rise in blood pressure) are all large and derive from very low threshold fibres. Indeed, to elicit the major depressor effect very large stimulus intensities are required; and, as Douglas together with Ritchie and Schaumann (8, 9) soon showed electrophysiologically, this latter depressor response appears only when the stimulus is strong enough to excite non-myelinated C fibres.
Of course, the C fibre response to intense electrical stimulation could have been a parallel artefact. The problem in any attempt to show that this was not true was that the spikes of individual non-myelinated fibres are too small to distinguish against a noisy background of continuing electrical activity. However, the compound action potential evoked by electrical stimulation of the thousands of non-myelinated fibres in a whole nerve trunk is quite large. Therefore, Douglas, in conjunction with Ritchie (10), devised a technique for recording functional activity in specific groups of fibres, whether myelinated or non-myelinated, in intact nerve trunks in response to their physiological stimuli. Essentially, a known length of a desheathed peripheral sensory nerve trunk, still attached to its peripheral sensory area, is stimulated at its central cut end at a slow rate (about 1 Hz) and the resultant antidromic compound action potential is recorded more peripherally by a pair of recording electrodes. In the aortic nerve, when the antidromic potential is evoked during a period of little physiological activity, for example when the blood pressure is too low to excite the baroreceptors, the evoked compound C potential is large. However, when it occurs during a period of greater physiological activity, for example during a period of high blood pressure, the evoked antidromic C response is found to be reduced because of collision with the orthodromic action potentials. This was the first clear demonstration that non-myelinated C fibres contribute to the barosensory control of blood pressure. Skin nerves The collision technique proved to be an important new approach that was used subsequently by many investigators in a wide range of applications. In particular, Douglas and Ritchie used the technique to examine the sensory afferent discharge set up in non-myelinated sensory fibres in the cat's saphenous nerve by touching and warming the hairy skin of the thighs. The results were clear. The orthodromic activity set up by lightly touching the skin abolishes almost completely the larger and faster conducting components of the antidromic C potential. The much smaller amplitude, slightly more slowly conducting, component of the C potential is not affected (11). Possibly the latter component derives from autonomic efferents. Similar findings are obtained when the skin is cooled (12) . Lowering the temperature of the skin by a few degrees causes a brisk afferent discharge in the C fibre population. Neither the mechanical nor the thermal stimuli could by any stretch of the imagination be considered painful to the cat.
These experiments provided the first clear demonstration that non-myelinated fibres from the skin of a mammal do not signal only pain, as was generally believed until then, but can respond to light touch and cooling. Furthermore, non-myelinated fibres seem to be important in controlling blood pressure.
It is interesting to note that at virtually the same time as the technique described by Douglas and Ritchie (10) was being introduced it was also described quite independently by Motokawa et al. (1957) on the other side of the world in Japan, who recorded action potentials in the cat's optic tract in response to brief flashes of light.
A E C  M, N Y, 1956-68
While still at Mill Hill, Douglas, at the suggestion of Professor Harry van Dyke, spent a sabbatical year in the Department of Pharmacology at the College of Physicians and Surgeons in New York. There he met Alfred Gilman, co-author of the textbook The pharmacological basis of therapeutics, that, for more than half a century since the publication of its first edition, has remained the pharmacology 'bible'. Gilman, who was soon to be appointed as head of the Department of Pharmacology at the newly opened Albert Einstein College of Medicine in New York, had been so impressed with Douglas, both as a scientist and as a teacher, that he invited him to join him as second-in-charge.
Douglas's first few years at Einstein were taken up with completing experiments started in London with Ritchie, who was later also imported by Gilman. After that he began what was to be the theme of the rest of his long distinguished career, namely investigating the factors that intervene between stimulation of a secretory cell and the act of secretion in a process that Douglas and R.P. Rubin (13) later called 'stimulus-secretion coupling' (analogous to the term excitation-contraction coupling in muscle). For convenience they chose to embark on a detailed study of adrenal medullary cells in the hope that Nature, being frequently parsimonious, might use the same mechanism in other secretory cells.
Stimulus-secretion coupling The adrenal medulla At Aberdeen, and afterwards at Mill Hill, Douglas had become enamoured of the field of autopharmacology, namely the study of pharmacologically active substances called autocoids, which are found in, and are extractable from, tissues. This is the borderline discipline between physiology and pharmacology, pioneered in the early days by such notable figures as Sir Henry Dale, P.R.S., Feldberg, Gaddum, Kosterlitz, H.O. Schild, F.R.S., M.L. Vogt, F.R.S., and others. The interest in these autocoids (such as acetylcholine, substance P, histamine, 5-hydroxytryptamine, bradykinin and eicosanoids) was not just because they are pharmacologically active substances that are extractable from tissues, but rather it was the belief that these substances must have some physiological function in normal life.
At the time that Douglas started his experiments, the stimulant effect of acetylcholine on the secretion of adrenal medullary hormones, adrenaline and noradrenaline, was already well known. But exactly how acetylcholine stimulates the secretion was not. Indeed, relatively little was known of the process(es) by which any hormone is secreted. Because the chemical nature of the stimuli that elicited hormonal secretion was generally obscure they were referred to simply as 'releasing factors'. Neither was much known about the basic secretory process of exocrine cells, as in salivation for example.
Douglas was lucky to be joined at that time by Ronald Rubin (later Chairman of the Department of Pharmacology at the State University of New York at Buffalo), who at that time was a high-school teacher but had decided to devote himself to research, and so became Bill's first graduate student. They were an excellent match. Ron had the energy, and the patience, to keep up with Bill's enthusiasm. They chose to start the study of 'stimulussecretion coupling' in the adrenal medulla for several reasons. First, the stimulus to the secretion of the chromaffin cell was known to be acetylcholine. Secondly, the anatomical arrangement was such that the adrenal gland could be readily perfused by cannulating its blood vessels. Lastly, the secretory products of the cells were simple chemicals and were abundant enough to be measured easily.
They started by examining how the chromaffin cell's response to acetylcholine is influenced by extracellular ions. For secretion to occur, as they soon showed, the extracellular presence of calcium is essential; one can dispense with all other ions such as potassium, sodium, magnesium and chloride. At much the same time Douglas was also performing, with Alan Poisner (later Chairman of the Department of Pharmacology in Kansas City School of Medicine), experiments on the uptake of radiolabelled 45 Ca. Alan had just finished his internship in medicine and was temporarily diverting his career from clinical medicine to do academic research in pharmacology. He and Douglas, using 45 Ca as a marker, showed that stimulation of the adrenals is always accompanied by an uptake of calcium by the chromaffin cells. They further showed that depolarizing the chromaffin cell with excess potassium also markedly increases secretion, but only if calcium is present in the medium (14, 15). These findings-that the calcium not only has to be present externally for secretion to occur but is actually taken up by the cell-led them to conclude that calcium entry has some function critical to the secretory response and the release process. Douglas, putting two and two together, therefore proposed that an entry of calcium into the cell is the direct link between the acetylcholine stimulus and the secretory response. The concept of stimulus-secretion coupling was born. The next few years were devoted to testing (successfully) the implications of this insight.
Exocrine glands When it became evident that the secretomotor nerves to the adrenal medulla act through some calcium-dependent process, it seemed natural to inquire whether this mechanism applies to other kinds of secretory cell. Douglas showed that indeed it does. To answer the question, he chose to study the production of saliva by the cat's submaxillary gland. This exocrine gland is innervated by both adrenergic and cholinergic nerves, so the importance of calcium for the stimulant action of both noradrenaline and acetylcholine could be tested. As with the chromaffin cells, he found that the secretory response to either stimulus is profoundly reduced or abolished by withdrawing calcium from the bathing medium (16) . Furthermore, the secretion of protein, which is sequestered in membrane-limited granules, increases in response to stimulation in parallel with increasing external calcium concentration over a wide range; this response is inhibited by magnesium. It therefore became clear that the same or a similar process linking the secretory stimulus to endocrine extrusion by the adrenal chromaffin cells also applies to this exocrine gland, namely calcium-dependent exocytosis.
Posterior pituitary At the same time as he was demonstrating the absolute dependence on calcium of the stimulus-secretion coupling in the adrenal medulla, Douglas had already begun to look at other endocrine systems. Together with Poisner, he examined whether a similar calciumdependent mechanism is involved in the release of hormones from the pituitary gland. They chose to study this endocrine organ because it shares with the adrenal medulla a common developmental origin and many morphological details of hormone storage and release. The posterior pituitary cells have the morphological characteristics of neurons as well as those of gland cells. An increase in plasma osmolality stimulates these cells to release the hormone vasopressin. However, the actual secretion of hormone by these pituitary cells does not occur at their cell bodies in the supraoptic and paraventricular hypothalamic nuclei. Rather the vasopressin secretion occurs at an aggregate of their efferent terminals in the neurohypophysis.
Using a preparation of isolated rat neurohypophysis (i.e. the terminals without the parent cells) Douglas and Poisner (17) showed that, whereas these terminals are insensitive to increased osmolality, electrical stimulation leads to their releasing vasopressin. Then, arguing that the ultimate physiological stimulus for vasopressin release is a depolarization of the secretory terminals by impulses arriving down the hypothalamo-hypophysial tract, they depolarized the terminals with excess external potassium ions. As in the adrenal medulla, such depolarization was found indeed to be a powerful stimulus to vasopressin release, but only if calcium was present in the bathing medium. Again, as in the adrenal medulla, hormone release is accompanied by an increased uptake of 45 Ca. Both the uptake and the hormone release are blocked by magnesium ions.
These experiments were taken as support for the view that vasopressin release from the neurohypophysis is normally regulated by impulses discharged down the hypothalamohypophysial tract, and suggests that the release of vasopressin from the neurosecretory terminals is due to an entry of calcium ions after depolarization (18).
The release process What is the nature of the release process? At the time of Douglas's experiments it was already known that most of the catecholamine in the chromaffin cell is present in membrane-limited subcellular structures known as chromaffin granules that range in diameter from about 50-200 nm. The rest (about 20%) is an extragranular fraction in the cytoplasm. A striking chemical characteristic of the chromaffin granule is its high content of ATP, one molecule being present for every four molecules of catecholamine. On stimulation, ATP and ATP metabolites appear in the venous effluent, the molar ratio (catecholamine:phosphate) of about 4:1 being similar to that found within the chromaffin granules (19, 20) . In the presence of ATPase inhibitors, all the nucleotide phosphate is released as ATP. This strongly suggested to Douglas that the ATP-rich chromaffin granules provide the immediate source of the secreted catecholamine rather than its coming from any cytoplasmic pool (21).
The fate of the intracellular granules As to the fate of the granules, two mechanisms had been proposed in the literature: first, that the membrane of each granule fuses with the chromaffin cell plasmalemma, allowing the contents of the granule to escape through an aperture in the fused membranes; secondly, that the granules are extruded intact. Both of these mechanisms, however, are incompatible with Douglas's finding, in experiments with Poisner and Trifaro, that stimulation causes little, if any, increase in the efflux of phospholipid and cholesterol (22) . Because these are the principal lipids of the chromaffin granule membrane, an increase would necessarily occur if granular membrane is lost in the efflux. Neither is there any fall in the total phospholipid and cholesterol content of the cytoplasmic chromaffin granule membrane fraction on stimulation (23), which must occur if granule membrane is lost by incorporation into the cell's plasmalemma. Furthermore, after stimulation the chromaffin cell is rich in empty granules (24) . Douglas, in his 1967 Gaddum Memorial Lecture, therefore postulated a cycle in which full granules come to the membrane, fuse there, and then open to the cell exterior either by some greatly increased permeability at the site of adhesion or by frank rupture of the adherent plasmalemma (25). Then, their contents (catecholamine, ATP and protein) having been released extracellularly by the process of exocytosis, Douglas proposed that the emptied granules remain, for a time at least, within the cells. It is interesting to note the similarity of this 1967 model, illustrated by Douglas in Fig. 1 of his Gaddum Lecture, with that of three decades later at the time of his death (see, for example, Jahn & Hanson 1998). The thirty additional years still produced no clearer view of the role of calcium other than noting that fusion is probably triggered by interactions of calcium ions involving synaptotagmin, the neuronal calcium receptor.
Y U, 1968-93
In 1968 Douglas received an invitation to come to Yale as Professor of Pharmacology, which he accepted. His new laboratory required extensive renovation, so he spent the first year as a Visiting Professor in Geneva, Switzerland. On his return he set about furnishing the laboratory. While this was going on, he took advantage of the availability of an elecron microscope in the department to do some of the earliest studies on the cytostructural changes accompanying secretion. Together with Nagasawa and Schulz (26-29), he obtained ultrastructural evidence of exocytosis, and the life history of microvesicles in the adrenal medulla and in the posterior pituitary. He had, in fact, already started to examine the morphological correlates of secretion by the latter tissue before leaving Einstein. However, his main thrust in the future was to determine how general the process of secretion in the adrenal gland was, and whether the findings in the adrenal could act as a model for other secretory systems.
He focused on three different tissues: the mast cells that secrete histamine and other autocoids; cells of the posterior pituitary that secrete vasopressin; and cells of the anterior pituitary, particularly the melanotrophs of the pars intermedia, that secrete melanocytestimulating hormone (MSH).
Mast cells Mast cells are ubiquitous in the human body and are particularly prevalent in external mucosal surfaces. Their precise physiological role has yet to be delineated. When activated by an allergen, or by experimental drugs such as compound 48/80 or the ionophores A-23187 and X-537A, they release a variety of autocoids (histamine, kinins and leukotrienes) that have been stored in intracellular granules. Their release during the immune response is responsible for the anaphylactic or type I allergic reaction. In contrast to secretion by the adrenal cells, in which the empty granules are retained within the cell, the mast cell granules are extruded as the cells secrete, often sticking to the external surface of the mast cell and giving it a characteristic 'bubbled' appearance.
There was already evidence that the secretory response in anaphylaxis is dependent on calcium ions (Mongar & Schild 1962) . Douglas therefore tested the effect of calcium deprivation both on histamine release, with Ueda (30), and on the secretion of granules, using phase-contrast microsopy, with Cochrane (31). Calcium deprivation was achieved by treating mast cells with EDTA and suspending them in a calcium-free environment. Such cells no longer secrete histamine in response to the normal secretagogues, compound 48/80 or the calcium ionophore A-23187, although, as the electron-microscopic studies of Kagayama and Douglas (32) showed, the morphological appearance of such cells is quite normal. However, the reintroduction of calcium to the solution bathing the quiescent cell leads to a prompt large secretion, raising the question of whether calcium by itself is sufficient to induce exocytosis. An answer is provided by the fact that the direct microinjection of calcium does indeed cause the extrusion of secretory granules from rat mast cells.
Douglas further explored the various factors involved in calcium-induced exocytosis in mast cells, particularly with Theoharis Theoharides (later Chairman of Pharmacology at Tufts University School of Medicine). Phospholipid vesicles are known to be suitable carriers of biologically active molecules into cells; Douglas and Theoharides used such vesicles to deliver calcium into mast cells. Microscopic observation reveals that this procedure leads to highly localized exocytotic reponses involving the punctate extrusion of individual granules accompanied by the secretion of histamine (33) . However, vesicles loaded with magnesium in place of calcium have no such effects.
One interesting finding at this time was that there is a rapid phosphorylation of several proteins in rat mast cells that have been stimulated to secrete by the classic mast cell secretagogue 48/80 or by a calcium ionophore. The proteins are phosphorylated within a few seconds after stimulation except for one with an apparent molecular mass of 78 kDa, whose phosphorylation is delayed for up to 1 min (34). This band is affected differently depending on whether the drugs increase or decrease histamine release from mast cells. For example, Douglas and his colleagues (35) showed that sodium cromoglycate inhibits the secretion of histamine by rat mast cells exposed to 48/80. This finding is interesting, given both the role of histamine in mediating allergic responses and the fact that cromoglycate is an antiallergic drug used in the treatment of asthma. It is particularly interesting that this inhibitor cromoglycate also promotes the uptake of 32 P-labelled inorganic phosphate into apparently the same 78 kDa band that is targeted by the secretagogue 48/80, but does so more rapidly.
In contrast to cromoglycate, somatostatin and its analogues produce a copious secretion of histamine from mast cells in a way that is indistinguishable from that of 48/80 as far as exocytosis and histamine release are concerned (36, 37) . The pattern of incorporation of 32 Plabelled inorganic phosphate produced by somatostatin is essentially the same as that produced by 48/80. In particular, there is the same slow development of incorporation into the 78 kDa protein band (38).
Taken together, these findings with 32 P-labelled inorganic phosphate suggested that a protein in this band might be directly involved in the control of exocytosis.
Douglas and Nemeth (39) found that secretion from mast cells is also much reduced by neuroleptic drugs such as the phenothiazines and imipramine. Because these inhibitory effects of the neuroleptic drugs seem to be related to their ability to inhibit calmodulin, they suggested that calmodulin, or some calmodulin-like protein, is the calcium receptor that activates exocytosis.
The anterior pituitary By the end of the 1970s, Douglas had come to the firm conclusion that the secretion of hormone by the adrenal medulla is mediated by calcium-activated exocytosis, i.e. calcium initiates some process that leads to exocytosis. Furthermore, he had obtained evidence that calcium is similarly involved in stimulus-secretion coupling in two other types of secretory cell, namely those of the exocrine salivary gland and of the neurosecretory cells of posterior pituitary neurons. These three kinds of cell normally require some external stimulus to promote secretion. However, there are endocrine cells that secrete spontaneously when released from normal inhibitory control. Much of Douglas's subsequent work was aimed at gaining an understanding of the mechanism of such spontaneous secretory activity.
Douglas chose to study the endocrine archetype of such spontaneously secreting cells, namely the melanotroph. This is the adenohypophysial cell type that forms the bulk of the cells in the intermediate lobe of the anterior pituitary gland. It is one of a family of anterior pituitary cells that secrete one or other of several structurally related hormones. The melanotroph secretes MSH as well as β-endorphin. These melanotrophs exhibit a remarkably exuberant spontaneous hormonal secretion when they are removed from the normal physiological restraint that operates in vivo. Such restraint is exerted by nerves descending from the hypothalamus that release dopamine and γ-aminobutyric acid as well as (in the toad Xenopus) neuropeptide Y. Each of these three mediators, whether released physiologically or applied experimentally, can abolish this spontaneous secretory activity. Why three transmitters with the essentially the same action are present in this system is unclear.
Basis of spontaneous release After the discovery by Kidokoro (1975) that calcium-based action potentials can occur spontaneously in a clonal cell line of neoplastic anterior pituitary cells, Douglas and P.S. Taraskevich showed, in a series of papers (reviewed in (40) ), that normal rat anterior pituitary cells also can generate spontaneous action potentials. They further showed that, although the action potential in rat pars intermedia cells is mainly sodium-based, it also has a calciumbased component. The electrical activity occurs in parallel with a release of hormone in identified cell types: prolactin cells in the pars distalis and melanotrophs in the pars intermedia. Both the electrical activity and secretion are stimulated by the secretagogues thyrotropin-releasing hormone and 5-hydroxytryptamine; they are also both suppressed by the inhibitors dopamine and noradrenaline.
At first it was suspected that the basal spontaneous release of hormone might be occurring simply because of the entry of calcium ions through voltage-dependent calcium channels that are being opened by the membrane depolarizations accompanying spontaneous discharges of sodium-dependent action potentials (40) . However, this conjecture was abandoned when it was found that spontaneous calcium-dependent secretion persists in the presence of tetrodotoxin, which abolishes the sodium spikes in the melanotrophs (41) . Indeed, Douglas and Shibuya (42, 43) , using the fluorescent calcium indicator fura 2, later showed that Xenopus pituitary melanotrophs exhibit spontaneous increases in the cytosolic calcium concentration. These increases reflect the fact that these cells express a population of voltage-dependent calcium channels that can open sporadically at the resting potential. The resultant small episodes of inward calcium current cause both the spontaneous electrical events and the spontaneous hormone release. Removal of the external calcium, or exposure of the cell to a calcium-channel-blocking agent, abolishes both spontaneous and secretagogue-promoted hormone release. The frequency of spontaneous action potentials is decreased by dopaminea transmitter for which evidence for the normal physiological inhibitory control of MSH secretion has been best established. In contrast, the frequency of spontaneous action potentials is increased by hypophysiotropic factors that stimulate secretion (40) .
To Douglas the conclusion was clear, namely that the autonomous secretion in the melanotroph is driven by a continuing entry of calcium ions across the plasma membrane of the gland cell. The channels involved are generally open at the resting potential and therefore exhibit open-state behaviour-opening and closing sporadically even at the normal resting membrane potential.
One key support of the calcium-dependent stimulus-secretion hypothesis is that secretion seems to depend absolutely on the entry of extracellular calcium into the cell. It was therefore disturbing when cadmium, a classical calcium-channel blocker, was reported not to block the basal hormone secretion of rat melanotrophs (Stack & Surprenant 1991) . However, Douglas and Shibuya soon showed that this was because not all classes of calcium channel are blocked by cadmium. Thus, using calcium-sensitive fluorescence to follow calcium entry into rat melanotrophs, they showed that the classical melanotroph inhibitor dopamine, and also the γ-aminobutyric acid agonist baclofen, close calcium channels that spontaneously open, i.e. the channels contributing to the basal secretion; however, the drugs do not affect those that are opened by high concentrations of potassium ions. However, cadmium preferentially blocks only those that are opened by high concentrations of potassium and does not affect those that are spontaneously open, at least in the concentrations used (44). Thus, the apparent discrepancy between fact and theory disappears. In the spontaneously secreting melanotroph in the resting state, some voltage-dependent channels that are insensitive to cadmium are in the open state, whereas those that are cadmium-sensitive are not and require depolarization for them to open.
Comparative endocrinological approach Most of Douglas's experiments on the secretory process of melanotrophs was done on mammalian cells, usually those of the rat. However, he showed that the same basic process is used by adenohypophysial cells isolated not only from rats, but also from mice (41), fish (40) , lizards (40) and toads (42) . These cells, even those from the somewhat exotic experimental animals, are all electrically excitable and discharge action potentials. Moreover, the various hypophysiotropic substances that stimulate or inhibit secretion have corresponding stimulant and inhibitory effects on the electrical activities. In all cases, the electrical activity involves a calcium component indicative of an influx of calcium ions in each of the adenohypophysial cell types examined, although the relative contributions to the electrical activity of calcium and sodium do exhibit species and cell variation. This is particularly true of melanotrophs isolated from Xenopus laevis, in which the spontaneous secretion is much more vigorous, and the spontaneous increases in intracellular calcium are much greater, than in mammalian melanotrophs (42) . In experiments on single melanotrophs isolated from Xenopus, Douglas and Shibuya (42, 43) found a remarkable pattern of intermittent, minutes-long, elevations of intracellular calcium concentration, which they called 'cytosolic calcium pulsing'. These pulses seem to be accounted for by momentary increases in the open state of the plasmalemmal calcium channels. The use of calcium-channel blocking agents shows that the pulse of increased cytosolic calcium concentration results from the inward flux of calcium through these channels rather than a release from some intracellular store.
C 
The main contribution made by Douglas's experiments is thus that, whatever the stimulus to a secretory cell (acetylcholine at the medullary synapse, depolarization of the posterior pituitary terminals, cholinergic and adrenergic stimulation of the salivary gland, the anaphylactic response of the mast cell), the same basic process seems to be involved (45). The critical component of this process is the entry of calcium into the cell. The most striking accompaniment of secretion by the chromaffin cells is the inward movement of sodium and calcium ions and depolarization. However, the depolarization is not in itself a sufficient stimulus for secretion, which Douglas clearly showed happens only in the presence of calcium entry.
Douglas was well aware that although neurons are not commonly classified as secretory cells, they are, in fact, secretory cells of a rather specialized type, because they elaborate characteristic secretory products, the chemical transmitters, which they release in response to the appropriate stimulus. Furthermore, it was known at the time of Douglas's 1967 Gaddum Lecture (25) that this response depends critically on calcium entry and that it is inhibited by magnesium ions. It was knowing this that led Hodgkin & Keynes (1957) to propose that calcium entry at presynaptic terminals might somehow initiate the release of the appropriate chemical neurotransmitter. Indeed, it was because neurons and chromaffin cells share a common ancestry that it first seemed worthwhile to Douglas to test whether calcium was also involved in the secretory activity of the neurosecretory cells of the hypothalamohypophysial system. His arguments that nerves and neurosecretory cells do secrete in much the same way were as follows: (i) they share a common developmental origin with chromaffin cells, in which the evidence for exocytosis is strong; (ii) like the chromaffin cell, they package their secretions in membrane-limited vesicles, albeit very much smaller than in the adrenal medulla; (iii) they show a pattern of responses to the bivalent ions closely resembling that of the chromaffin cell; and (iv) there is electrophysiological evidence for the release of neurotransmitters in rather uniform multimolecular packages or quanta.
Douglas was primarily interested in how biological systems work, and his approach was from a variety of points of view. He changed his techniques and experiments to do whatever was required to solve the problem-electrophysiology, electron microscopy, fluorescence microscopy, pharmacology, tissue culture, autocoid bioassay. He spent his early years on the mechanisms involved in cardiovascular control. This led him to study the role of nonmyelinated fibres in sensations other than pain. When he finally became interested in secretion, he pursued this interest with unswerving enthusiasm for nearly fifty years, using a variety of different kinds of secretory systems: chromaffin cells, mast cells, salivary glands and adenohypophysial cells. Furthermore, he was always prepared to follow the approach of comparative physiology and choose the most suitable preparation for making a point. However, he always checked to be sure that his findings in one species applied equally to other species. Indeed, he was still chasing the answers to critically important questions at the time that he had to retire.
